ABSTRACT: The protection of grouper spawning aggregations is a global conservation issue: populations of many grouper species are threatened with collapse due to exploitation of this critical life history behaviour by fisheries. Effective protection of spawning aggregations requires information on spawning site fidelity, residence time and timing of arrivals at, and departures from, the site. To estimate these parameters at a spawning aggregation site at Farquhar Atoll, southern Seychelles, 12 brown-marbled groupers Epinephelus fuscoguttatus and 20 camouflage groupers E. poly phe ka dion were tagged with acoustic transmitters, and their presence and absence was monitored by an array of acoustic receivers positioned at the site over 2 spawning seasons (2010/2011 and 2011/2012). Spawning aggregations formed during 3 consecutive spawning months each season and overlapped spatially and temporally in the 2 species. Intra-and inter-season site fidelity was high, with 91.7% of tagged E. fuscoguttatus and 89.5% of tagged E. polyphekadion detected at the site 1 yr after tagging. The majority (2010/2011: 82.4%, 2011/2012: 80.0%) of fish detected in a spawning season visited the site during at least 2 spawning months. Residence time at the fish spawning aggregation site was influenced by sex (E. fuscoguttatus only) and spawning month (both species). Distinct periodicity in lunar timing of arrivals and departures was observed in both species. This study highlights the spatio-temporal scales involved during spawning aggregations of 2 long-lived, slow-growing coral reef fishes, which need to be considered for their effective management.
INTRODUCTION
The annual global catch of wild groupers (Epinephelinae) is close to 200 000 tons (Tupper & Sheriff 2008) with market demand continuing to in crease, especially within the Southeast Asian-based Live Reef Food Fish Trade. Many species of groupers spawn as part of transient fish spawning aggrega-tions (FSAs) comprising several hundred to several thousand individuals (Rhodes & Sadovy 2002b , Pet et al. 2005 , Nemeth 2012 ). These FSAs are often spatially and temporally predictable (Rhodes & Sadovy 2002b , Nemeth et al. 2007 , Robinson et al. 2008 and at many locations, fisheries have developed to specifically target them (Olsen & LaPlace 1979 , Sala et al. 2001 , Sadovy de Mitcheson & Erisman 2012 . Targeted fishing of FSAs has led to demographic changes (Beets & Friedlander 1999 , stock decline (AguilarPerera 2006) and, in extreme cases, the disappearance or effective re productive failure of aggregating populations (Johannes et al. 1999 , Mangubhai et al. 2011 .
Camouflage grouper Epinephelus polyphekadion and brown-marbled grouper E. fuscoguttatus are 2 species that form spawning aggregations. Both species are economically important and are targeted by coral reef fisheries throughout the Indo-Pacific (Pears 2012 , Rhodes 2012 . Similar to other tropical groupers, E. fuscoguttatus and E. polyphekadion are slowgrowing, late-maturing and occur at low densities throughout much of their range (Russell et al. 2006 , Pears 2012 , except when they form spawning aggregations (Rhodes & Sadovy 2002b , Robinson et al. 2008 . They are both listed as Near Threatened on the 2012 IUCN Red List of Threatened Species due to their susceptibility to overfishing.
At Farquhar Atoll, in the southern Seychelles, mixed Epinephelus fuscoguttatus and E. polyphekadion spawning aggregations occur on the edge of the main channel leading into the lagoon (Robinson et al. 2008 ). The aggregations form over 3 consecutive months between November and February, with the actual months of the aggregation showing a certain degree of inter-annual variability (Robinson et al. 2008) . The number of months over which E. polyphekadion form spawning aggregations at Farquhar is consistent with observations made in a number of other locales throughout their range (Johannes et al. 1999 , Rhodes & Sadovy 2002b , Hamilton et al. 2012 , but there appears to be more variability in the duration of the reproductive season among locations for E. fuscoguttatus (Pet et al. 2005 , Hamilton et al. 2012 , Rhodes 2012 . Recaptures and underwater observations of tagged E. polyphekadion at the Farquhar FSA site suggest a certain degree of inter-and intra-seasonal FSA site fidelity (Robinson et al. 2008) . FSA site fidelity appears to be a common trait among some aggregation-forming groupers, including these 2 species (Johannes et al. 1999 . Observations of gonads in fish caught directly from the aggregations in the weeks preceding spawning suggests that males begin aggregating before females (Robinson et al. 2008) , which agrees with observations from Pohnpei, Micronesia (Rhodes & Sadovy 2002b . There is evidence that spawning takes place around the new moon at Farquhar (Robinson et al. 2008) , similar to Palau and Australia (Johannes et al. 1999 , Pears et al. 2007 ), but different to at least 1 other location in Micronesia and Komodo, Indonesia, where spawning occurs around the full moon (Mangubhai et al. 2011 .
Many studies that have contributed to our understanding of spawning aggregation dynamics of Epinephelus fuscoguttatus and E. polyphekadion have used fishing-based mark-recapture methods (Rhodes & Sadovy 2002b , Robinson et al. 2008 . As a result of the extractive nature of fishing-based studies and the difficulty in identifying tagged individuals underwater, little information is available on the dynamics of individuals across multiple spawning months or seasons. Acoustic receivers can be used to monitor the presence and absence of acoustically tagged fish at FSA sites and make it possible to study the same individuals over multiple spawning months and seasons. There is an urgent need to improve knowledge of the spawning aggregation dynamics of these 2 species among spawning months and spawning aggregation seasons to guide potential management and conservation measures. For example, information is re quired regarding the frequency of individual visits per season, residence time, and the influence of rhythmic natural cycles on the timing of arrivals and departures of aggregating fish at FSA sites.
We used acoustic telemetry to study the spawning aggregation dynamics of Epinephelus fuscoguttatus and E. polyphekadion over 2 complete spawning seasons and 6 spawning months at the Farquhar FSA site verified by Robinson et al. (2008) . The aim of the study was to provide fundamental data on the spawning aggregation characteristics of the 2 species. Where relevant, knowledge of spawning aggregation characteristics is used to propose management actions. The specific objectives were to (1) determine fidelity and frequency of visitations of acoustically tagged fish to the FSA site, (2) calculate residence times of acoustically tagged fish at the FSA site, and (3) describe rhythmic cycles in the form of lunar and diel patterns in the timing of arrivals and departures of tagged fish at the FSA site.
MATERIALS AND METHODS

Study site
The study was undertaken at an Epinephelus fusco guttatus and E. polyphekadion spawning aggregation site at Farquhar Atoll, southern Seychelles (Fig. 1) between January 2010 and May 2012. The FSA site is a carbonate patch reef with a horizontal area of 7700 m 2 and an average depth of 10 m.
Fish tagging
Tagging took place at the study site between 11 and 15 January 2010. All fish were caught using hook and line (baited with bonito Euthynnus affinis) from a small boat (ca. 7 m overall length) anchored at the site. The smallest size Epinephelus fuscoguttatus and E. polyphekadion tagged were 70 and 56 cm (total length [TL]) respectively, well above the size of 50% maturity for females (E. fuscoguttatus: 408 mm, E. polyphekadion: 352 mm) from other populations (Pears et al. 2006 . Once hooked, each fish was brought slowly to the surface to reduce the risk of barotrauma that is common in groupers caught below 16 m and rapidly brought to the surface (Alós 2008) . Fish were placed dorso-ventrally in a stretcher and a wet towel was placed over the head to reduce stress. Total length was measured to the nearest cm and fish were tagged externally using individually numbered T-bar tags (Floy) inserted at the 4th dorsal pterygiophore. Whenever possible, fish were sexed based on the appearance of the gonopore and by stripping for the presence of milt or eggs (Robinson et al. 2008 ). In the event that no milt or eggs were observed, the sex of the fish was recorded as unidentified. A Vemco V13-1L-S256 acoustic transmitter (69 kHz, 90 s delay, 879 d battery life) (Amirix Systems), disinfected in absolute ethanol, was inserted in the body cavity through a small incision made 2 cm anterior of the anus. The incision was closed using 2 non-absorbable polynylon sutures. Tagged fish were released at the point of capture within 5 min of being captured.
Acoustic array
To characterise residence time, site fidelity, diel and lunar timing of arrivals and departures, an array of 4 VR2 and VR2W acoustic receivers (R1, R2, R3, R4) (Amirix Systems) was deployed around the study site on 15 January 2010; these were removed on 11 May 2012. The receivers were secured to the reef bottom on concrete blocks that had been strategically placed around the study area to maximise detections of acoustically tagged fish. Receivers were replaced every 6 to 12 mo for servicing and download of stored data. For unknown reasons, receiver R3 did not make any detection after it was serviced in May 2011. Acoustic tag range testing undertaken during the day recorded 32% of transmitted signals at 50 m and 0% at 100 m distance from the receiver. Given an estimated acoustic tag range of 50 m, the array design covered approximately 95% of the study site up to May 2011 and 79% thereafter.
Data analyses
Our definition of a spawning season is based on observations of spawning aggregations made at the same FSA site by Robinson et al. (2008) and encompasses the months of November to February. We excluded all acoustic detections that were made during the 2009/2010 spawning season, as data for this season was incomplete as fish were tagged in the middle of the spawning season (January 2010). Additionally, we excluded all detections that were made outside the spawning seasons and all detections of (1) fish ID 59061, which appeared to reside at the FSA site for most of the study period, and (2) fish ID 59051 for the 2011/2012 spawning season, as it remained at the FSA site over multiple spawning months. We defined a spawning month as the period within a spawning season during which a spawning event is believed to have taken place. The arrival of an acoustically tagged fish at the FSA site marked the start of the spawning month, while the departure of the last acoustically tagged fish from the site, with no further acoustic detections for a 7 d period, marked the end of the spawning month. Acoustic data indicated that there were 3 distinct but consecutive spawning months in both the 2010/2011 (Year 1) and 2011/2012 (Year 2) spawning seasons.
Fidelity to the FSA site, for each species, was calculated as the proportion of acoustically tagged fish detected during a spawning season relative to the total number of fish tagged. Frequency of visitation was calculated as the number of spawning months that an acoustically tagged fish was detected at the FSA site during a spawning season. Residence time of a tagged fish at the FSA site was calculated as the time between its first and last detection by the acoustic array using a maximum blanking period (MBP) (Capello et al. 2012 ) of 7 d. The MBP is the maximum time during which a tagged fish was not detected by the acoustic receiver array at the FSA site but was still considered to be at the site (Capello et al. 2012) . A residence time based on a 7 d MBP was justified in our study as we were interested in large-scale (between spawning months) as opposed to small-scale (within spawning months) temporal dynamics. In order to consider repeated measures of residence time for the same individuals, a linear mixed-effects (LME) model (Laird & Ware 1982) , using maximum likelihood estimation, was used to model the residence time of acoustically tagged fish at the FSA site. Year (1, 2), species (Epinephelus fuscoguttatus, E. polyphekadion), sex (male, female, unidentified) and spawning month (1, 2, 3) were used as fixed effects, while fish ID was used as a random effect. After the first run of the model, non-significant effects (species and year) were removed and the model was run again for each species, using sex and spawning month as fixed effects and fish ID as a random effect, to come up with the best prediction of residence time for each species, based on sex and spawning month. Linear regression was used to test for the influence of fish size (TL) on the number of spawning months tagged fish were detected at the FSA site by species, with data pooled for the 2010/ 2011 and 2011/2012 spawning seasons. Fish recaptured or known to have died (n = 2) during the study were omitted from the analysis.
To determine periodicity in the lunar timing of arrivals and departures of tagged fish at the FSA site, the lunar day in relation to the new moon (−1 = 1 d before new moon, +1 = 1 d after new moon, etc.) was calculated for each arrival at, and departure from, the site. To meet the assumption of independence, a mean lunar timing of arrival and departure was calculated for each fish (Childs et al. 2008) . The mean lunar timing of arrival and departure of each fish was then converted into angles with ±12.2° representing 1 d either side of the new moon (using a 29.5 d lunar cycle). The angles representing mean lunar timing of arrivals and departures of tagged fish detected at the FSA site in relation to the new moon were then analysed by means of Rayleigh's uniformity test with α = 0.5 (Batschelet 1981 ) using the Oriana 4 software package (Kovach Computing Services). Rayleigh's Uniformity test determines whether the angles representing the mean lunar timing of arrivals and departures from the FSA site exhibited non-randomness towards a particular lunar day. The effects of species and sex on individual observations of lunar timing of arrivals and departures of tagged fish at the FSA site were analysed using LME models. Species effect was tested using species as a fixed effect and fish ID as a random effect, whereas the influence of sex was tested for each species using sex as a fixed effect and fish ID as a random effect.
Analysis of periodicity in diel timing of arrivals and departures of tagged fish at the FSA site was undertaken using a protocol similar to that for the analysis of periodicity in lunar timing of arrivals and departures. The hour at which a tagged fish arrived and left the FSA site was calculated in relation to midnight (−1 = 1 h before midnight, +1 = 1 h after midnight etc.). The mean diel timing of arrival and departure at the FSA site in relation to midnight was converted into angles, with ±15° representing 1 h either side of midnight, etc. The mean arrival and departure angles were then analysed using Rayleigh's uniformity test with α = 0.5 to determine whether mean diel timing of arrivals and departures at the FSA site exhibited non-randomness towards a particular time of the day. An LME model with species as a fixed effect and fish ID as a random effect was applied on individual observations of diel timing of arrival and departure hour in relation to midnight to test for the influence of species on diel timing of arrivals and departures of tagged fish at the FSA site. The effect of sex on diel timing of arrival and departure hour relative to midnight was tested individually for each species using other LME models, with sex as a fixed effect and fish ID as a random effect.
RESULTS
Number of fish tagged and recaptured
Twelve Epinephelus fuscoguttatus (70 to 93 cm TL) and 20 E. polyphekadion (56 to 67 cm TL) were tagged at the FSA site. Tagged E. fuscoguttatus included 4 females, 5 males and 3 individuals of unidentified sex, whereas tagged E. polyphekadion included 7 females, 9 males and 4 individuals of unidentified sex. One tagged E. polyphekadion (ID 59052) was recaptured by fishermen in the lagoon of the atoll in April 2011 (exact date not known), 6 km away from the FSA site after a minimum of 444 d at liberty. In January 2012, a tag that was inserted in a 56 cm E. polyphekadion (ID 59041) was found inside the gut of a Plectropomus punctatus of about 45 cm caught outside the lagoon of the atoll about 10 km from the FSA site.
Site fidelity and frequency of visitations
Fidelity to the FSA site was high, as 91.7% of tagged Epinephelus fuscoguttatus and 89.5% of tagged E. poly phekadion were detected by the receiver array during the 2010/2011 spawning season, approximately 1 yr after tagging (Fig. 2) . However, the percentage of tagged E. fuscoguttatus and E. poly pheka dion detected during the 2011/2012 spawning season reduced to 66.7 and 47.4%, respectively. Tagged E. polyphekadion were de tected in up to 2 spawning months per season, while tagged E. fuscoguttatus were detected in up to 3 spawning months (Fig. 2) . During the 2010/2011 and 2011/2012 spawning season, 80.0 and 82.4%, respectively, of the fish detected at the FSA site were present in more than 1 spawning month. Two thirds (66.7%) of the tagged females of both species were detected at the FSA site in at least 2 spawning months during a spawning season. In both species, fish size (TL) had no influence on the number of spawning months in which a tagged fish was detected at the FSA site.
Residence time
Residence time of tagged Epinephelus fuscoguttatus and E. polyphekadion at the FSA site ranged between 0.1 and 60.3 d and between 4.0 and 37.1 d, respectively, and was variable between species, among spawning months and among sexes (Table 1) . Predicted residence time did not differ significantly between species and between years but it did differ among sexes (E. fuscoguttatus only; LME: F 2, 23 = 7.2, p = 0.004; Fig. 3a Table 2 ). The LME model showed that E. fuscoguttatus males spent significantly more time at the FSA site than females and individuals of unidentified sex, and that there was no significant difference in residence time be tween females and individuals of un identified sex ( Table 2) . The predicted residence time was significantly higher during the first than the second and third spawning month of the seasons for E. fuscoguttatus but not significantly different between the second and third spawning month (Table 2) . Conversely, the predicted residence time for E. poly phekadion was significantly higher during the first than the second spawning month of the seasons but there was no significant difference between the first and third spawning month and between the second and third spawning month of the seasons (Table 2) .
Lunar timing of arrivals and departures
Distinct periodicity in the mean lunar timing of arrivals and departures of tagged Epinephelus fusco guttatus and E. polyphekadion at the FSA site were observed (Fig. 4) . In E. fuscoguttatus, mean lunar timing of arrivals occurred from around the third quarter to the new moon, while in E. polyphekadion, it occurred throughout the period between the full and new moon. Although there was considerable variability in the average lunar timing of arrivals and departures between species and among sexes (Table 3) , the LME models showed that mean lunar timing of arrivals did not significantly differ among sexes in both species. All mean departures from the FSA site occurred within a period of 5 d after the new moon (Table 3) . While there was no significant difference among sexes in the mean lunar timing of departures of E. poly phekadion from the FSA site, male E. fusco guttatus left the site later than females (t 7 = 4.37, p = 0.003) and individuals of unidentified sex (t 7 = 3.75, p = 0.007). However, there was no difference in the lunar timing of departures between E. fusco guttatus females and individuals of unidentified sex.
Diel timing of arrivals and departures
Periodicity was observed in the average diel timing of arrivals (Epinephelus polyphekadion only) and departures (both species) at the FSA site (Fig. 5) . The percentage of mean diel arrivals was divided equally between day and night in E. fuscoguttatus but was mostly (87.5%) concentrated at night in E. poly phe kadion. On average, both male and female E. fusco guttatus arrived at the FSA site approximately 4 h after midnight, whereas male and female E. poly phe kadion arrived approximately 1 and 2 h after midnight, respectively (Table 4) . However, the LME models found that the average diel timing of arrivals did not differ significantly among sexes in both study species. All average diel departures from the FSA site occurred at night in both E. fuscoguttatus and E. poly phekadion (Fig. 5 ). There were significant differences among sexes in the diel timing of departures in E. polyphe ka dion (LME: F 2,13 = 4.7, p = 0.03) but not in E. fuscoguttatus. Mean time of departure was close to midnight for male and female E. fusco guttatus, whereas it was 3.4 h after midnight for individuals of unidentified sex (Table 4) . Female E. polyphekadion left the FSA site on average 3.1 h after midnight, after males (t 13 = -2.99, p = 0.01) and individuals of unidentified sex (t 13 = -2.25, p = 0.04), which left the site on average 4 h earlier (Table 4 ). There was no significant difference in the time that E. poly phekadion males and individuals of unidentified sex left the site, with both groups leaving on average 1 h before midnight (Table 4) .
DISCUSSION
The use of acoustic telemetry to study the spawning aggregation dynamics of Epinephelus fuscoguttatus and E. polyphekadion showed that arrival at, and departure from, the FSA site were influenced by diel and lunar cycles. Tagged fish of both species also showed high site fidelity, with most fish being de tected at the spawning site in at least 2 spawning months each season. Mean residence time at the FSA site differed among spawning months and sexes (E. fuscoguttatus only), but was not influenced by species or fish length. E. polyphekadion lunar timing of departures E. polyphekadion lunar timing of arrivals E. fuscoguttatus lunar timing of departures E. fuscoguttatus lunar timing of arrivals Fig. 4 . Epinephelus fuscoguttatus and E. polyphekadion. Percentage lunar timing of arrivals and departures of acoustically tagged fish at the fish spawning aggregation (FSA) site. Mean arrival and departure day are superimposed. Q = quarter, mean = mean arrival or departure day in relation to the new moon ± 95% CI, r = length of mean vector, n = number of samples, p = probability of data being randomly distributed (Rayleigh test of randomness: α = 0.05), and * indicates significant difference. Note that mean timing of arrivals and departures was calculated for each fish, as the majority of individuals recorded more than one residence time at the site 
Site fidelity, frequency of visitations and residence time
The majority of tagged individuals exhibited high FSA site fidelity within and among spawning seasons. Equivalent levels of fidelity to spawning sites have been documented in Epinephelus fuscoguttatus ) and other species of groupers (Zeller 1998 , Nemeth 2005 , Starr et al. 2007 , and may be indicative of a general pattern for aggregat- E. polyphekadion -diel timing of departures E. polyphekadion -diel timing of arrivals
E. fuscoguttatus -diel timing of departures E. fuscoguttatus -diel timing of arrivals
Species
Time of arrival (mean ± SD) Time of departure (mean ± SD) Females Males Unidentified sex Females Males Unidentified sex E. fuscoguttatus 3.73 ± 7.04 3.50 ± 6.76 −5.40 ± 4.83 −0.36 ± 6.74 0.11 ± 4.78 3.40 ± 7.67 E. polyphekadion 1.10 ± 3.54 1.54 ± 5.00 1.29 ± 4.15 3.10 ± 4.38 −1.00 ± 3.86 −1.00 ± 0.00 Table 4 . Epinephelus fuscoguttatus and E. polyphekadion. Observed time (h) of arrivals and departures (mean ± SD) relative to midnight of tagged fish at the fish spawning aggregation site according to sex for the 2010/2011 (Year 1) and 2011/2012 (Year 2) spawning seasons combined Fig. 5 . Epinephelus fuscoguttatus and E. polyphekadion. Percentage diel timing of arrivals and departures of acoustically tagged fish at the fish spawning aggregation (FSA) site. Mean arrival and departure time are superimposed. Mean = mean arrival or departure time ± 95% CI, r = length of mean vector, n = number of samples, p = probability of data being randomly distributed (Rayleigh test of randomness: α = 0.05), and * indicates significant difference. Note that mean timing of arrivals and departures was calculated for each fish, as the majority of individuals recorded more than one residence time at the site ing groupers. The presence of high percentages of tagged individuals at the FSA site over multiple spawning months within a spawning season provides some evidence of multiple spawning in the majority of individuals and supports previous hypotheses based on histological analysis (Rhodes & Sadovy 2002a , Pears et al. 2007 .
The difference in the maximum number of spawning months within a spawning season in which individuals of the 2 species participate could be related to species size, with the generally larger Epinephelus fuscoguttatus presumably being able to mature greater batches of gametes and participate in more spawning months than the smaller E. polyphekadion. Variation in the number of spawning months in which tagged individuals of the same species were observed at the spawning site could indicate 2 things: (1) physiological differences among individuals in ability to mature and spawn batches of gametes over a spawning season; or (2) the use of different FSA sites by the same individual within a spawning season. While there is no empirical evidence to support the use of multiple spawning sites in groupers, the use of more than 1 spawning site by some siganids has been reported (Bijoux et al. 2013) . One other mixed E. fuscoguttatus and E. polyphekadion spawning aggregation site is known at the atoll (Robinson et al. 2008) but there is no data to show whether some individuals spawn at both sites. Simultaneous acoustic monitoring of the 2 FSA sites would determine whether there are exchanges of spawning fish between sites.
Our results show that the frequency of visits to the FSA sites is not influenced by sex in either species. The maximum number of spawning months within a spawning season in which female Epinephelus fuscoguttatus were detected at the FSA site in our study contrasts with that from a similar study in Pohnpei, where females were observed to participate in only 1 spawning aggregation each season and could indicate regional differences in the reproductive biology of this species and/or differences in environmental conditions. No information on the behavioural dynamics of individual E. polyphekadion during a spawning season has been published. However, E. polyphekadion tagged at a spawning site in Palau were recaptured at the same site in over 2 consecutive spawning months (Johannes et al. 1999) , but sex of the captured fish was not reported.
The reduction in the number of tagged fish detected at the spawning site by the second season of monitoring can be attributable to a combination of factors. While it is possible that not all fish spawn or attend the same aggregation each season, some individuals may have died as a result of the tagging, or suffered fishing or natural mortality. Alternatively, tag failure may also have occurred. The surgical implantation of acoustic tags was not considered to be an important source of mortality, as 88% of tagged fish were detected at the FSA a year after tagging. Similarly, fishing mortality is relatively minor at Farquhar, and only 1 fish was recaptured during the course of the study. Natural mortality in large species of grouper is also low (Grandcourt 2005) but may have accounted for a few losses of tagged fish, as evident from the tag that was found inside the gut of the Plectropomus punctatus.
Our finding of longer mean residence times of males at the spawning site compared to females is consistent with studies of the same species in Pohnpei (Rhodes & Sadovy 2002b and of other groupers (Zeller 1998 , Nemeth et al. 2007 , Starr et al. 2007 , Rhodes & Tupper 2008 . Longer residence times of males at the FSA site could be a strategy to ensure spawning with more females, thereby maximising their reproductive success. The longer residence time of males renders them more vulnerable to fishing at the spawning aggregation, whereby the selective removal of males from the spawning stock can result in sperm limitation (Koenig et al. 1996) . As Epinephelus fusco guttatus is a protogynous hermaphrodite with most of the larger individuals presumably being males (Pears et al. 2006) , and as fishing tends to select for larger individuals (Friedlander & DeMartini 2002) , the problem of sperm limitation is a greater cause for concern for this species compared to the functionally gonochoristic E. poly phekadion . Reduction in aggregation residence time as the spawning season progresses has also been documented elsewhere in groupers ) and other species (Bijoux et al. 2013) , and could be linked to reduced energy allocation to reproduction after the first spawning month of a season. As we tagged in only 1 month of the spawning season, it is possible that the patterns in site fidelity, frequency of site visitation and residence time that were observed could be different to those that we would have been seen if fish were tagged in several spawning months of a spawning season . Future acoustic studies of species that spawn over multiple spawning months should attempt to tag in several months to investigate whether the month of tagging has any influence on the observed behavioural patterns.
Lunar and diel timing of arrivals and departures
Both species arrived at the FSA site at approximately the same time in relation to the date of the new moon, with no significant difference in mean lunar timing of arrivals among individuals of known sex in either species. These results agree with observations made in a similar study, using similar methodology, of Epinephelus fuscoguttatus in Pohnpei . In Pohnpei, E. fuscoguttatus aggregate and spawn around the full moon, as opposed to our study site, where they aggregate and spawn around the new moon, suggesting that the contrasting moon phases elicit the same cues at these 2 locations. An earlier study at the same FSA site reported that males of both species appear earlier than females in samples taken from aggregation catches (Robinson et al. 2008) . Likewise, in Pohnpei, male E. polyphekadion started to aggregate 10 to 12 d prior to the full moon, and females started to appear in the catch 4 d before the full moon (Rhodes & Sadovy 2002b ). Differences in the lunar timing of arrivals at the FSA site between males and females of the 2 study species is not supported by our data and could be the result of differences in spawning aggregation dynamics among locations or among years at the same site.
Acoustic detections indicate that there is a gradual build-up of aggregating fish at the FSA site during the fortnight preceding a new moon within a spawning month and that this is followed by a sudden decrease just after the new moon. In Pohnpei, Epinephelus polyphekadion spawned 1 to 2 d prior to the full moon and dispersed from the site within 48 to 72 h (Rhodes & Sadovy 2002b) , while E. fuscoguttatus spawned around the full moon and dispersed within 4 d after . Few studies have compared the diel timing of spawning fish arrival at and departure from FSA sites. We showed distinct periodicity in mean diel timing of departure of both species from the FSA site, with mean departure time occurring exclusively during the night in both species. It has been shown that diel patterns in detection frequency without correction for environmental effects can lead to wrong interpretation of animal behaviour (Payne et al. 2010 ). As we used the time of first and last de tection as a proxy for the time that a fish arrived and left the FSA site we do not think that environmental effects would have greatly affected the diel patterns we observed. Periodicity in diel timing of arrivals and departures of fish at the FSA site has limited use in fisheries management but is an interesting result from a behavioural perspective.
Management considerations and orientation of future FSA research
Though fishing pressure at this remote atoll has remained comparatively low due to its isolation from population centres in the main Seychelles islands, large catches of Epinephelus fuscoguttatus and E. polyphekadion were periodically taken from the aggregation site until 2005, which resulted in recommendations for the site to be managed (Robinson et al. 2008) . The results of the present study can be used to design more effective management measures for the aggregations than previous information allowed. If a seasonal fishing closure were to be imposed at the site, we recommend that it should cover the period from November to March to account for interannual variation in aggregation formation (Robinson et al. 2008) . Fishery closure linked to the lunar cycle will not be appropriate at this site as a small percentage of aggregating groupers stay at the spawning site between some spawning months. The role of monitoring in the management of spawning aggregations has been stressed by several authors (Sadovy & Domeier 2005 , Mangubhai et al. 2011 , Sadovy de Mitcheson & Colin 2012 . As it is important to determine changes in the aggregations if formal management is introduced at our study site, we recommend the establishment of a long-term monitoring programme. Future research into grouper spawning aggregations in the Seychelles should focus on identifying other FSA sites (Robinson et al. 2004) , while expanding studies of the spawning dynamics at known sites, particularly with regards to potential inter-annual variations in the duration of spawning seasons, the use of migratory pathways and the identification of the functional migration area to FSA sites. Findings from these investigations will inform managers and allow the development of effective, biologically meaningful, temporal and spatial management measures. Aggregations of groupers often form on channel aprons or the outer reef areas, although not exclusively (Claydon 2004 , Colin 2012 . In particular, channels of other atolls in the southern Seychelles should be investigated for potential signs of FSAs. High operational costs and the inability to preserve and store fish for long periods of time have reduced the amount of fishing that occurs in the Seychelles' southern islands. However, it is expected that the growing demand for high-valued fish, such as groupers, may increase pressure in the future. While the known FSAs of E. fuscoguttatus and E. polyphekadion occur around the new moon and around the same month in the Seychelles, it would be informative to study variation in spawning aggregation dynamics of the 2 species among aggregation sites. As many of the Seychelles outer islands are isolated and as groupers have larval durations of just over 10 to more than 50 d (Colin et al. 1997 , Macpherson & Raventos 2006 , genetic analysis would provide important data on the dispersal and connectivity of populations from different island groups. Research integrating grouper spawning aggregation dynamics and larval dispersal could assist in the design and implementation of a region-wide management plan for these species (Almany et al. 2013 ). 
